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PREFACE 
The second year efforts of the research project entitled "Investigation of 
Scaling Characteristics for Defining Design Environments due to Transient Ground 
Winds and Near-Field, Non-Linear Acoustic Fields", the NAS8-30159 (:ontract 
for the period from April 1970 to May 1971 are presented in two sections sf this 
report. 
The first section entitled "Experimental Investigation of Pressure Walile Propa- 
gation in  a Pipe" presents a report on the experimental investigation of propagation 
phenomena of nonlinear pressure waves in an open-end pipe containing air a6 atmos- 
pheric conditions. An instrumentation system consisting primarily of a bcrttery OF 
hot-film anemometers was used for the measurements of temporal and spacial velocity 
profiles for various diaphragm burst pressures. In order to gain a better imsight sf the 
physical phenomena, a mathematical model was developed by assuming tlhe flow pro- 
cess isentropic. Calculated results from the mathematical model were compared with 
the experimental data. The discrepancy between the theory and experiment denton- 
strates the degree of anisotropic nature of the flow process. This  task has been car- 
ried out primarily by Manfred J. Loh under the principal investigator's technical 
direction. 
The second section entitled "Experimental Investigation of Effects of Unsteady 
Flows on a Submerged Cylinder" reports briefly results of the investigation of u n -  
steady flow phenomena about a submerged right circular cylinder in varic~us vn- 
steady flow conditions. A set of dimensionless parameters consisting of quanri t  ies 
pertinent to the unsteady flows i s  used to analyze pressure and force data which 
are presented in  terms of local pressure coefficients, B i f t  and drag coefficients 
versus instantaneous Reynolds number and nondimensional fluid displacement re-- 
spectively. The measured drag coefficients were found to be comparable with the 
calculated ones from the pressure coefficients. 
A variation of the hydrogen bubbie technique was used in obtaining high 
speed movies of the unsteady flow phenomena about the circular cylinder, A se-. 
quence of photographs taken from these movies i s  presented which shows the de- 
velopment of the flow field around the cylinder at various times. 
This task has been undertaken primarily by David J. Morrow under the techni- 
cal direction of the principal investigator. A detailed and final report of this task 
w i l l  be submitted later upon completion of the M.S. Thesis by Mr. Morrow. 
These two tasks of the project were supported by staff members of the! Fluid 
Dynamics Laboratory, Instrumentation Services Laboratory, Computer Laboratory, 
and the Machine Shop of The University of Alabama in Huntsville. 
Cornelius C. Shih 
Principal Investigator 
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SECTION I 
EXPERIMENTAL INVESTIGATION OF PRESSURE 
WAVE PROPAGATION IN A PIPE 
ABSTRACT 
This study i s  concerned with the experimental investigation of temporal and 
spacial velocity profiles in  a 3-inch open-end pipe produced by the propagation, 
of nonlinear pressure waves generated by a modified shock tube driver, Usin39 a 
constant temperature anemometer system with hot-film probes, the investigators 
measured temporal and spacial velocity profiles at five sections along the 42-ftm 
test pipe for five diaphragm burst pressures. Data analyzed are presentetj in graph- 
ical form and compared with theoretical results obtained by the method of character- 
istics through a digital computer. The mathematical model was developed by as- 
suming the flow process isentropic. The discrepancy beween the theory an3d ex- 
periment demonstrates the effect of friction upon the dissipation of energy in the 
flow system. 
NOMENCLATURE 
q 3 
t 
V, and V 
sonic speed 
pipe diameter 
friction coefficient 
total energy per unit mass 
Mach number 
static pressure 
heat flux vector 
time 
velocity vector and component 
axial coordinate along pipe 
ratio of specific heats 
fluid density 
temperature 
stress tensor 
INTRODUCTION 
Highly intense pressure waves i n  the near sound field are generated by launch 
vehicles such as Saturn V. Characteristics of the propagating acousticas energy in  
the near sound field are highly nonlinear. The use of standard linear scaling tech- 
niques for determining environmental criteria such as overall sound pressures and 
power spectral densities has resulted in considerable error. But there are no ade- 
quate scaling procedures available for use in the near sound field. 
In order to establish a foundation of scaling laws for the highly nonlinear 
waves associated with the Saturn V vehicle, the basic knowledge of the relation- 
ships among the parameters pertinent to the energy dissipation process associated 
with the propagation of nonlinear pressure waves in thermoviscous media i s  defi- 
nitely required. Review of literature indicates that there are numerous studies in 
theoretical aspect by Burgers1, Hopf2, Cole3, Lighthill*, Rodin6, etc., csn the 
Burgers' equation which i s  considered to represent the above stated phenomena, 
There were several studies on wave propagation in pipes by Blackstock6, Nakamura 
and Takeuchi7, Kantola8, Strunkg, Sawley and Whitexo, Brown1', D'Sovza and 
Oldenburgeru, and Schuder and Bisader13. These studies are either the treatment 
of small-amplitude waves, shock waves, plane waves of finite amplitude,, or invis- 
cid fluids. Some of them were verified experimentally, but none of them treats 
the propagation of nonlinear pressure waves of large amplitude with measurements 
of velocity distributions throughout the pipe. 
Specifically, the problem of interest for this study is to experimentally inves- 
tigate the temporal and spacial velocity profiles of fluid flow in a 3-inch open- 
end pipe, produced by the propagation of nonlinear pressure waves for various 
diaphragm burst pressures of a pressure wave generator. As a consequence, t e m -  
poral and spaciai characteristics of wave propagation for a parametric set of non- 
linear pressure waves in the pipe containing air under atmospheric conditions were 
determined. 
Velocity measurements at five sections along the pipe of 42 ft. in length were 
made with hot-film anemometers for five pressure waves produced by diaphram 
burst pressures at 20, 40, 60, 80 and 100 psi in the driver chamber of the pressurcl 
wave generator. The pressure wave generator, modified from a shock tube, con- 
sists of a driver, a piston, and a test pipe. The piston which i s  advanced at a 
nearly constant acceleration by the energy released through the mass of air from 
the shock tube driver generates a pressure wave to propagate through the pipe, 
THEORETICAL CONSIDERATION 
The physics of the phenomena considered in this study may be expressed by 
the equations of momentum, energy, continuity, and state as follows: 
Momentum: 
Energy: 
Continuity: 
Equation of state d P _ d p  d 0  
- - -+ -  
for a parfect gas: P P 0 
Obviously, to date, no exact solutions of the above equations are available 
because of tihs extreme complexity. However, they can be simplified somewhat 
by foi lowing l imiting assumptions: 
1) The flow i s  one-dimensional; V = V (x, t) , a = a (x, t) 
P 
- const. , q = 0 2) The gas process i s  isentropic; -
P Y 
3) The fluid is perfect; 
~ ~ ~ " 0  
Momentum: 
Continuity: 
Sonlc speed: 
Proper rearranging of Eqs. (5), (6), and (7) yields the following characteristic 
equations for the method of characteristics: 
a a 2a 
-+ ( V t  a)-] ( v + ~ # =  0 
a x  (8) h t  left-running 
characteristics (9) 
7, 
- -I- ( V - a) 
a t  (1 0) 
right-running 
d x  - characteristics 
- -  
d t V - d  (1 1) 
A numerical program was written for temporal and spacial solutions of Eqs. 
(8), (9), (lo), and (11). Results of numerical calculations of the flow field are 
presented later for qualitative comparison with the experimental results, Listings 
of the numerical program for cases without and with friction are presented in the 
Appendix A. The numerical program for the case with friction was formulated 
based on Eq. (1 2). 
DESCRIPTION OF TEST FACILITY 
1. Pressure Wave Generator 
The pressure wave generator generates pressure waves in a long test pipe by 
accelerating an aluminum piston over an 11-inch distance from the inlet end of 
the test pipe. The a!uminum piston i s  accelerated by a driver system which is 
located at a respectable distance from the test pipe. Also, the aluminum pisfan 
has no direct contact with the inside surface of the test pipe at any time, This 
arrangement insures that no shocks or vibrations are transferred to the tesf. pipe, 
The pressure wave generator consists of three major parts: 
1. Driver Section, 6.6 ft long 
2. Piston Section, 3.2 ft long 
3. Test Pipe, 42.2 ft long . 
The overall length of the test facility amounts to 52.0 ft. A l l  sections are 
mounted on support stands; the height of the centerline of the tubes and the mov- 
able parts is  49 in. The inside diameter of the driver section and the test pipe 
i s  3 in. 
a. Driver Section 
The driver tube sf the shock tube facility at The University of Alabclma in 
Huntsville i s  used as driver section of the pressure wave generator. Figure I 
shows the driver section with its measuring and control devices. The basic unit  
i s  a constant-area stainless steel tube of 3 in. inside diameter. The tube in- 
cluding the diaphragm sectioh and the pressure supply system i s  mounted to a 
support dolly that is  movable on a track. The driver tube may be operated at 
controlled pressures up to 2,000 psi by using a double-diaphragm technique, 
In this project, however, a diaphragm bursting technique was developed for 
relatively low burst pressures. The diaphragm was made of mylar sheets. The 
steel wire attached to the diaphragm was eiectrically heated and bursted the 
diaphragm immediately. This method has proved to be reOiable for the burst 
pressures ranging from 20 to 100 psi. 
b. Piston Section 
This section converts the driver pressure in  piston motion which generates the 
pressure wave within the test pipe. The piston section i s  shown in Figures 2 and 3; 
also, the technical details are given in the assembly drawing of Figure 5. As it 
can be seen from the photograph of Figure 2, a stainless steel tube with a welded 
flange is  connected to the diaphragm section of the driver tube . A steel piston of 
3 in. diameter i s  driven within the steel tube (see Figure 5). This piston is attached 
to one end of a bearing shaft by means of a screw thread, while the other end of 
the bearing shaft i s  screwed into an aluminum piston that moves within the test pipe 
during the operation. The bearing shaft consists of a cold finished carbon, steel 
with relatively high tensile strength (161,500 psi). 
The piston system i s  accelerated over a distance of I I in. while it is  subject 
to the driver pressure, Then, the piston system i s  slowed down by a double-acting 
damping system within a distance of 6 in. The piston finally comes to rest by a 
heavy stopper block. The damping system i s  built as an integral part of the stopper 
block using the combined effects of 40 springwashers and a shock absorbing air 
cushion generated by a steel piston slid - ing in a cyl inder of the stopper block, 
Two plain bearings are installed between the stopper block and the test pipe?, 
They serve as a guidance for the bearing shaft which moves into the test pipe, In 
addition to the two bearings, the piston system i s  in fact supported at three more 
locations due to the design and the precision machining of the matching parts. 
These five supports make the bearing shaft of the piston system a statically inde-- 
terminate structure. 
The decleration and stopping of the piston system resulted in a variety of un- 
expected major problems due to the heavy impact. These difficulties could be 
solved through modifications of the facility. 
c. TestPipe 
A $alvanized steel pipe of nominal pipe size, 3.000 in., schedule number $0, 
i s  used as test pipe. The steamless pipe consists of two basic parts which ore con- 
nected by means of a screw joint. Figure 4 shows the test pipe in a general view; 
also, the beginning of this pipe is shown in Figure 2. 
The inside diameter of the test pipe i s  3.068 in. The aluminum piston generm- 
ating the pressure wave has a diameter of 3.000 in.; thus there .is a gap between 
the piston and the pipe of 0.034 in. This gap of approximately 1/32 in. amounts 
only to be approximately 1/90 of the pipe diameter. Because there i s  no metal 
contact between the moving piston and the test pipe, no shocks or vibrations from 
the driver system can be transferred to the metallic test pipe. This insure:; that the 
instrumentation i s  free of any other influence but the air flow within the pipe, 
In order to measure velocity profiles generated by the pressure wave, five 
instrumentation ports have been machined at five sections along the 42 ft. test 
pipe. A brass fitting is  screwed into each port with the hot film probe, The 
first port i s  located in a distance of 3 ft. from the beginning of the test pipe. 
Each of the following instrumentation ports has an equal distance of 8 ft , from 
each other. Behind the last instrumentation port, the remaining pipe section 
turns out to be 7 ft. 3 in. in length. 
Additional instrumentation ports were machined in three pipe sections at the 
end of the investigation period. This permits the installation of two hot f i l m  
sensors in the same pipe section opposite to each other. 
2. Instrumentat ion System 
Five Hot Film Sensors in connection with Constant Temperature Anen.osmefers 
were used to measure velocity profiles of the unsteady flow of air in the test pipe, 
The five sensors were mounted into instrumentation ports by brass fittings. The 
instrumentation ports are spaced at intervals of 8 ft. on the upper side of the test 
pipe. The details of sensor instal lation and the positioning of the sensing ele- 
ment are shown in Figure 6. 'The sensor-anemometer system was connected with 
a recording osci l lograph. This recorder transfers the electrical output data to 
immediately readable photographic records. 
a. Sensor System 
The sensing element of a hot film sensor i s  essentially a conducting f i l m  
on a ceramic substrate, e.g., a quartz coated platinum film on the surface of a 
glass rod. Gold plating on the ends of the rod isolates the sensitive area and pro- 
vides a heavy metal contact for fastening the sensor to the needle supports. The 
thickness of the metal film on a typical film sensor i s  less than 1000 Angstrom units, 
The physical strength i s  provided by the substrate material, and a thin quartz 
coating on the surface resists accululation of foreign material. Hot wire sensors 
are probes of similar nature; however, the hot film sensors have several advantages 
l ike better frequency response and more flexibility with respect to sensor configu- 
ration, when they are compared with hot wire sensors. 
The sensors are designed for use with a constant temperature anemometer cir- 
cuit. A constant temperature anemometer measures the instantaneous heat transfer 
rate (heat flux) between a small electrically heated sensor and the flow being meas- 
ured. An electronic feedback control circuit varies the electrical current through 
the sensor to correspond to the cooling effect of the flowing fluid, always keeping 
the sensor at a constant resistance and temperature. 
In this project, we used a constant temperature anemometer system including 
sensors, of Thermo-Systems Inc., along with the Monitor Power Supply Uinit (Model 
1031-10A) for ten channel operation. 
Each of the five hot film sensors was a part of a controlled bridge or anemonneter 
circuit. For this purpose, we employed five units of Model 1033A Anemometer Mod- 
ule. Some specifications of the Model 1033A Anemometer are as foi lows: bridge 
voltage output 0 to 24 VDC: output impedance 50 ohms; frequency response O to 3 
kcps. 
An important element in the bridge circuit i s  the control resistor which i s  used 
to set the sensor operating temperature and to provide temperature compensation, 
The control or compensating resistor i s  an external fixed resistor taking into account 
an overheat ratio of 1.5 (operating resistance to room temperature resistance on the 
sensor) and, in addition, a bridge ratio of 1/5 (hot sensor to compensating resis- 
tance). In order to determine the room temperature resistance of each sensor sys- 
tem including its long connecting cable, a Variable Decade, Model 1056 was 
used. The resulting compensating resistor was plugged into the anemometer mod- 
ule. The output signal of the bridge i s  a voltage in relationship to velocity or 
mass flow units. This relationship has to be determined by individual calibration 
of each sensor system. 
The sensor selected has the following specifications: The Quartz Colafed Hot 
Film Sensor is  cylindrical and has needle supports (Model 1212-20); the diameter 
is  0.002 in.; the length i s  0.040 in.; the relative frequency response i s  40,000 
cps; the nominal resistance i s  4-8 ohms. The needle supports of the sensor have a 
90' bend to probe shank, facing upstream for reduced flow disturbance. 
b. Recording Equ ipment 
Five channels of voltage outputs from the anemometer system were rc%cordad 
on an oscillograph (Type - CEC Datagraph 5-1 33). This  recorder was operated in 
conjunction with a Galvanometer Amplifier, Model T6 GA -500 from Honeywe! l; 
also, five D. C. Amplifiers 1-165 from CEC were used. The Recording Clscills- 
graph (Type 5-1 33) may accommodate frequency variations up to 13,000 cps, The 
recorder was operated at the maximum writing speed of 160 inch/sec. OnB this 
fast writing speed made i t  possible to obtain recording data that could be clearly 
analyzed. The electronic flash timing system produced 100 lines per sec:snd, The 
error in timing was determined to be less than 0.5 percent. 
The galvanometers used in the oscillograph were CEC Fluid Damped GaBva- 
nometers (Type 7-326). They have an undamped natural frequency of 5,000 cps 
and a system voltage sensitivity of 0.291 in/voits. 
The frequency response of the entire instrumentation system i s  limited by the 
anemometer circuit. As mentioned before, the anemometers used have a frequen- 
cy response up to 3,000 cps. This i s  at least 100 times greater than i t  i s  required 
for the case of 100 psi burst pressure. 
TEST PROCEDURE 
1 . Calibration of the Instrumentation System 
A careful calibration of the complete instrumentation system was performed be- 
fore each test series. The basic variable measured by a hot film sensor i s  the  voi- 
tage related to the rate of heat transfer from the sensing element to the +'low of air 
in the test pipe. Because a l l  hot film sensors are not exactly the same i m  response 
characteristics, a calibration curve of each individual sensor system was obtained 
for establishing the relationship between the flow velocity and the deflection re- 
corded due to voltage output. This relationship was highly nonlinear, therefore, 
about 10 to 15 calibration points were recorded for each curve. 
The Model 1125 Calibrator of Thermo-Systems Inc. was used along with a pre- 
cision manometer and a thermometer. The sensor and recording system includes 
a l l  cables and connections as i t  i s  used during the test. The probes are fastened 
on the calibrating device in front of a small nozzle which i s  fed by two quieting 
chambers in series. The calibrator i s  part of a flow system in which the delivery 
pressure is  regulated and the pressure difference across the calibrator nozzle is 
measured. During the calibration procedure, the flow in the system was con- 
trolled in such a way that certain pressure differences across the nozzle were 
generating known velocities in this nozzle. The pressure difference was measured 
by a precision manometer while, at the same time, the osciilograph recorded the 
deflection produced by the voltage output of the combined sensor-anemornefer and 
recording system. I t  should be noted that a l l  deflections were measured in units sf 
length (not in units of voltage), The flow velocity was calculated by a computer 
program. Input data were the pressure difference, the temperature in the still  ing 
chamber and the ambient pressure. 
2. Conducting the Test 
The driver and piston sections were subject to careful inspection before every 
I 
test. In particular, the piston system was checked for its smooth movement within 
the test pipe and its initial position. After the positioning of the sensors was also 
inspected, the driver section with a mylar diaphragm was then pressurized to a 
desired pressure (20, 40, 60, 80, or 100 psi). As the exact pressure measured by 
a precision pressure gage was reached in the driver section, the sensor-a17emometer 
system was turned to "run1'- position, and the operation of the oscillograph was 
started. The record drive system of the recorder needed approximately two seconds 
for acceleration, until the diaphragm was bursted by electrically heating u circled 
wire attached to the diaphragm. Recording of the voltage outputs from the ane- 
mometers was then accomplished. 
Pertinent data collected from the tests are tabulated and presented in Appen- 
dix B. 
PRESENTATION AND DISCUSSION OF EXPERIMENTAL DATA 
1 . Test Conditions 
The test medium in the test pipe was air at atmospheric conditions. ,Average 
temperature and pressure of the test medium were 75' F and 29.56 in I-lg absolute 
under the static condition throughout the test. 
The piston system was accelerated over a distance of 11 inches in a19 cases, 
In each test, the piston system came completely to rest after i t  underwent a re- 
tardation process for a 6-inch distance. The driver medium of the piston system 
was compressed air. 
The total number of tests conducted was over one hundred. The tests were per- 
formed at five burst pressures, 20, 40, 60, 80, and 100 psig, employing five dif- 
ferent sensor positions across each of the five pipe sections. Figure 6 shcws Sen- 
sor Positions A, B, C, D, and E across a pipe section. The experimental data are 
presented in graphical form with a limited analysis of the data. The results pre- 
sented were taken from approximately 35 selected tests. 
2. Oscillograph Recording 
Figure 7 shows a typical oscillograph recording from the five sensors located 
at five sections along the test pipe. Each single record presents flow velocity in 
terms of voltage output versus time. The time base i s  10 milliseconds per division! 
moving horizontally from right to left. 
Figure 7 clearly demonstrates two basic phenomena which are associated with 
each other: 
I .  A pressure wave i s  generated by the piston system. This pressure wave 
travels through the test medium with approximately the speed of sound. 
2. The pressure wave causes a motion of the air particles which are origi- 
nally at rest. 
The starting point of the deflection for each section indicates that the pres- 
sure wave has reached the corresponding sensor in the test pipe. s Consequently, 
the time difference between the starting point of two neighboring sections can be 
used to calculate the mean velocity of the wave propagation between these sect ions, 
For instance, the time difference between the ini t ial  recording points of  Sections 1 
and 2 (Figure 7) i s  t = 6.8 milliseconds. Since a l l  sensors are spaced at in- 
1,2 
tervals of  8 ft., the mean velocity of the pressure wave between Section 1 and 
Section 2 i s  1176 ft/sec. 
The recorded deflection of every section shows qualitatively that the flow 
generated by the pressure wave undergoes an acceleration during the time t (see 
a 
Section 3 in Figure 7). The maximum deflection i s  reached at th6 end of the ac- 
celeration phase. Thereafter, irregular deflections are recorded, but they are not 
of  interest for this study. In the case of  Section 3 (Figure 7), the acceleration 
phase took 17.2 milliseconds. Since the calibration curves aredifferent for each 
sensor system, the absolute value of the deflection for the different sections can- 
not be compared with each other on the oscillograph recording. 
3. Data Analysis 
Results are presented and discussed in  the following aspects: 
a, Temporal velocity profiles 
b. Spacial velocity profiles 
c. Acceleration of the fluid flow 
d. Propagation speed of  the pressure wave 
e. Comparison of  numerical calculations with experimental data 
f. Blockage effect 
a. Temporal Velocity Profiles 
Temporas velocity profiles in five pipe sections are presented in Figirres 8 
through 14. In these figures the flow velocity in ft/sec i s  plotted against the test 
time in milliseconds. The evaluation has been done step by step at intervals of 
one millisecond. Each curve starts with the ini t ial  point of the deflection and i s  
terminated by the end of the acceleration phase. Therefore, the end of each 
plotted curve i s  the maximum recorded deflection which represents the maximum 
measured flow velocity (see Section 3 in Figure 7). The time scales of Figures 8 
through 14 are set relative to the time ?f wave arrival at Section 1. 
Figure $ shows temporal velocitjl profiles at Sensor Posit ion A for burst pres- 
su'res at 100 and 40 psi. sufficient number of repetitions, say more than three, 
was made on each test to ensure the repeatability and consistency of the data. 
Comparison of the two sets of profiles indicates that decay of the pressure wave is 
more notable for the case of 40 psi after Section 3. The case of 100 psi seems to 
indicate that the wave propagation in this length o f  pipe yields less decay, $he 
curves presented in Figure 8 are almost linear after a very short period of increasing 
acceleration. This i s  true for both cases, 100 and 40 psi, and for Sections 1 through 
4. Following the short period of increasing acceleration, the measured fluid flow 
was noted in a l l  cases to be fairly constant in acceleration before the piston i s  
stopped. The maximum velocity measured in the different pipe sections seems to 
depend very l i t t le  upon the pipe length. A slight irregularity of the profile at 
Section 3 has been determined to be strictly instrumental by comparative tests wi th  
other sensors installed at the same section. 
The velocity profile at Section 5 was found to be nonlinear. The increasing 
acceleration of the propagated wave recorded at Section 5 for both pressures was 
caused by the expansion wave reflected negatively from the pipe exit. With  the 
propagation speed of  approximately 1100 ft/sec, the pressure wave took about 10 
milliseconds to reflect back from the pipe exit to Section 5, causing the flaw to 
accelerate at a greater rate. 
The steep bends occurred on the velocity profile at Section 5 is considered to 
be primarily caused by the wave reflect ion at the pipe exit. In order to ascerkain 
this, several identical tests were performed for a 21-ft. pipe of the same diameter, 
Test results of velocity profiles from the 21-ft. pipe are presented in Figure 9 for 
comparison with data from the 42 ft, pipe under the same test conditions. The  
velocity profile at Section 3,which i s  closest to the exit of the 21-ft. pip% is 
shown to be characteristically similar to the velocity profile of Section 5 near 
the exit of the 424%. pipe. I t  must be considered, however, that the distance 
between Section 3 and the pipe exit of the 21-ft. pipe i s  only 2 ft. in iength; in 
comparison with it, the distance between Section 5 and the pipe exit of the 42- 
ft. pipe i s  7 ft. 3 in. in length. For this reason, the effect of wave refiection is 
recorded to be more intense at Section 3 (and also affecting Section 2) csf the 21- 
ft. pipe as it i s  the case at Section 5 of the 42-ft. pipe. This comparison of data 
from two different pipe lengths evidently illustrates the cause of peculiarity of the 
velocity profile at the section near the pipe exit. 
Figures 10, 11, 12, 13, and 14 depict temporal velocity profiles for Sensor 
Positions A, D, and E at each of five sections respectively, for burst pressures sf 
100, 80, 60, 40, and 20 psi. These figures show that velocity distributions are 
not uniform across the pipe section in a l l  cases. It i s  significant to note that the 
velocity near the pipe wall has been measured to be slightly higher than the one 
near the center. The existence of these phenomena was ascertained by repeated 
measurements under the same test conditions. 
Figures 8 through 14 also reveal a clear trend with respect to the d~ra t ion  of 
the acceleration period which i s  markedly different for cases with different burst 
pressures. Because the piston was accelerated over the same distance of 11 inches 
in a l l  cases, the time needed for the acceleration process i s  longer for the case sf 
a smaller acceleration due to a ,ower burst pressure. The duration of the accelera- 
tion process depends l i t t le  upon the sensor location in  the test pipe, even though 
a slightly decreasing trend can be observed in the direction of the propagating 
pressure wave. 
b. Spacial Velocity Profiles 
Spacial velocity profiles are presented in  Figure 16 which also demonstrates 
in a different form these peculiar phenomena of velocity distributions across Sec- 
tion 1 and 2 for two time frames respectively, at 100 and 20 psi burst pressures, 
Having determined through sensor cal ibrations that a l l  hot-film sensors were 
functioning with a reasonable accuracy, say less than 15% in error, the investi-c 
gators have determined that the peculiar phenomena may be due to the energy 
dissipation caused by frictional resistance along the wall, or perhaps due partly 
to the space gap existing between the piston and the test pipe. The effect of 
friction has been considered predominant to the phenomena. However, further 
investigations and data analysis based on the consideration of energy balance ~ n d  
pressure distribution are required before making conclusive statements on these 
phenomena. 
c. Acceleration of the Fluid $!ow 
The accelerations of the fluid f1ow caused by h e  wave propagation in the 
pipe were calculated for various burst pressures at Section 1 with Sensor IPositian 
A as a typical example. The resulting accelerations are plotted against ,time in 
mil% iseconds in Figure 15, Iin a very short time, say less than 5 mil8 iseconds, the 
accelemtion seems to rise from rest to a high value which increases as the burst 
pressure increases, After the short rise time, the acceleration appears to sernaiir; 
constant in the duration s f  piston acceleration for a l l  pressures. High rates have 
been Found for the acceleration of the gas particies due to the pressure wave, Fer 
the case of 100 psi burst pressure, e.g, ,  the acceleratiow is approximately 4500 
ft/sec$ this i s  140 times the gravitational acceleration, 
Figure 17 presents propagation speeds of the pressure \IV'~VE?S varying along the 
pipe for Five burst pressures, The time difference betvveen the oiarting poinss b; 
two neighboring sections was used to determin-se the mean speed of the prsbaagatin3g 
pressure wave between these sections, The propagation sprsd was noted i a ; ~  ,arinaavs 
constant for m0s1 cases with the stakistica! mean of 1 100 )i,/sec and she % # -  LH - "  ~olnet: 
of Bess than 25 ft\sssc2, For co~mpasisora wish ir, she  speed OF sound ranges fa om 
19 38 to 15 36 ftisec for si igklriy varyir~g iaboratory t6rnpeieaf~~res betvveen 72 a 1 7 ~  
78' F, 
No correlation among ;he axla! pipe distance, t h e  burst pressure and she propa- 
gation speed was I C B ~ ~ B ~ P O L , ~ S ! ~  r40te$, It must be menrioned, however, that it is r.aecesa- 
sary to employ different instri~n3enlatiola and re~30rdi~ag methods in order f ; ~  get rvore 
accurate resuits w i h  resgsct to the propagation speed. 
chasacteristic5, urldasy conditions f rom the p;~,ior) 
!, * 
movement. Yi3eLc: restJ,ji re a) .::: I ; : ~ J , ~ ~ I ; : Q ~ ~ ~ : ( ; ~  ~ 8 t h  t j~e experirnerttal data for $ai.psi: pres- 
sures of  80, 60, 43, F i g u r ~ ~  18 fhro:.jgh 21, The ~ ~ I c u l a t i o n s  vilere 
" ,  
ment was recarded arrd k i G r 1  movie camera ct the rate 
Because the mathematical model was estcsbl ished based on isentropic assumptions, 
the experiment cPearIy demonstrated that the flow process associated with the %pave 
propagation was not isentropic, observing a significant effect of frictional resistance 
against the flow which i s  subsonic throughout the pipe. As the energy dissipatio1.8 
fakes place along the pipe, the static pressure tends to decrease along the pipe while 
the velocity decreases rather significantiy at a fixed position comparing with the isen=- 
tropic case. These phenomena can be illustrated qualitatively by the Follow'ng equa- 
tion modified from Equation (1) for unsteady one-dimensional flow in a pipe with 
friction: 
v" 
where T, = T~ MF p : shearing stress along the pipe wa8 8 .  While the convc2c- 
" a v  tive acceleration, V --- i s  experimenkal l known to be reasonably srnali l % n  a x ' i s  mode by the increase in this case, and a minor positive contribution to -
a t 
negative pressure grad ient, a predominant negative contribution to the temp or^! 
av 
acceleration, -- a t i s  made by the shearing stress Berm as demonstrated in Figures 
18 through 28. 
I t  i s  noteworthy that a greater deviation of the experimental velocity profilje 
from the calculated isentropic data was observed for the cases at lower burst pres- 
sures, agreeing with the theoretical consideration based on Equation (13 ,  Asso, 
i t  i s  significant to note that the wave fronts of aJI cases propagated nearly isentropic- 
a l ly  as evidenced by the close osgreement shown in Figures 18 through 21. 
On the other hand, both Figures disclose a difference in the rate of acceleration 
between the calculated and the experimental velocity profiles. The calclmlcrted pro- 
files show the greatest accejeratisn at the  beginning of the  flow process, $he cal- 
cv!ations are based on the expsrimentalBy determined piston motion, 
Figures 22 and 23 present a comparison of numerical caiculations with ana w;;h- 
out friction at burst pressenrss of 4-0 and 80 psi, The calcuDations considerang f r ic t ion  
were made with a friction coefficient of f = 0 - 2 ,  The rate of acceleration is ksorsnd 
t0 be subject to the influence of friction, This influence i s  smalE in the pipe section 
near the piston; but the effect of friction is growingly pronovncd in the directiian 
of propagation of  f he psessc~tre wave, 
f. Blockage Effect 
Additional tests were performed in order to investigate whether or not 5Usckage 
effect of  the probes may cause or contribute to the peculiar velocity distriburion a- 
cross each pipe section. She probe support has a frontal area of 2.5% referred to 
the pipe cross-section i f  the sensing element i s  in Position A. In contrast to this, 
the frontal area of the probe support i s  negl igible when the sensing element is in 
Position E. 
In order to keep the blockage effect approximateiy constant for differer~t sen- 
sor positions, a dummy probe was installed in Section 3 opposite to the measuring 
probe. The sensing element of the dummy probe had a distance of 1/4 inch from 
the sensing element of  the measuring probe in al l  positions. No other probes were 
in front of Section 3 at the time of these measurements. 
Figures 24 and 25 present results of the measuremeaats with dummy probe corn- 
pared with data from earlier tests without dummy probe at burst pressures of 80 and 
40 psi, Both figures clearly reveal that blockage has a predominant influence 08.1 
the velocity prefi &e, because the velocities measured without dummy probe are 
greater at any time frame than the corresponding data with dummy probe, This is 
also confirmed by the observation that rhe vejlocity difference due to blockage is 
recorded to be definitely higher far Ser-~sor Position E as i t  i s  the case for Sensoy 
Position A in both cases 80 and 48 psi. 
On the other hand, the results shown in Figures 24 and 25 additionally verify 
our earlier Findings as pre~er~ted i f f a  Figures 10 to 14, that the velocities recorded 
at Sensor Positiob.~ E are greater than the data sneasured at Sensor Position A, It 
appears that some other at!-scts are stilS causing the difference between the measure- 
ment results at Sensor Po:in,ions A and E, but these other effecrs are found to be not 
as predominant 0s  the  blockogz efi'ect, 
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Fig. 1 General View of Driver Section of Pressure Wave Generator. 
Fig. 2 General View of Piston Section with Stopper Block (center), 
Driver S e c t i ~ ~ ~ r r J ~ f f i i ) ,  and Test Pipe (left?. 
Fig. 3 General View of Driver Section (right), Piston Section 
and Test Pipe (left) of Pressure Wave Generator. 
Fig* 4 Gemral View sf Test Pipe, 
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Legend: 
Diaphragm 5urst Ressure 100 psi 
40 psi - - -- - 
, milliseconds, Relative to Section 1 . 
Fig. 8 Flow Veloci ty Versus Time a t  Sensor Position A i n  5 Pipe 
Sections for Diaphragm Burst Pressures a t  100 and 40 psi, 
Legend: 
1 00 42-ft Pipe ~ P ~ v . F I (  5 Sensors in  Sections 1 through 5 
90 21-ft Pipe wi!h 3 ~ensors ;n Sections 1 through 3 ----- 
T i m e ,  rniliiseconds, Relative to Section 1. 
Fig, 9 Flow Velocity Versus Time for 2 Different Pipe Lengths 
a t  Dicsphrcagna Bfi~rst Press~re of 40 psi. 
Fig. 10 Flow Velocity Versus Time for Various Sensor Positions a t  
Diaphragm Burst Pressure of 100 psi. 
Legend: 
Sensor Position A ------ 
ID ---- 
E - * - e "-, 
Fig. 11 Flow V e I ~ c i $ ~  Varsur  Time for Various Sensor Positions a t  
Diaphragm Bur;&. Fressur ;. of880 psi . 
Legend: 
Sensor Position A 
D -.--- 
E -.-,-a 
i d  
T i n e  ,  millisecond^, Relative to Section 1 .  
Fig. 82 Flow VeBoci ty Versus Tirne for Various Sensor Positions at 
Diaphragm Burst Pressure of 60 psi. 
Legend: 
Sensor Position A 
D ---- 
U 
60 
-2- 
CC 
' 50 X + 
.- 
0" 40 
- 
' 30 
20 
8 0 
0 
0 2 0 3 b 40 50 6d /li 
Time,  nlilliseconds, Relative to Section 1 -  
Fig. 9 3 Flow Velocity Versus Time for Various Sensor Positions a t  
Diaphragm Burst Ressure of 40 psi. 
Legend: 
Sensor Position A 
D---- 
E -.-.-. 
. . 
Time , milliseconds, Relative to Section 1. 
Fig. 114 Flow Velocity Versus Time for Various Sensor Positions a t  
Diaphragm Burst Pressure of 20 psi. 
hO 
U 
S 100 
'2- 4000 Diaphragm 
cC Burst Ressure 
Time, mi8lir;econds 
Fig. 15 Flow Acceleration Versus Time for Section 1 
and Sensor Position A. 

Legend: Sensor Position A @ 
C v 
Diaphragm 
Burst Ressure 
900 
Sec. I Sec. 2 Sec, 3 Sec, 4 Sec. 5 
Fig. 8 7 hopga t ion  Speed of Pressure Wave 
Versus Axis$ Distance along Pipe. 
Legend: 
Experimental -- 
Theoretical (Isentropic) ----- 
Time, milliseconds, relative to ini t ial  piston position 
Fig. 18 Comparison of Numerical Calculations with Experimental 
Data. Burst Pressure 40 psi, Sensor Position A. 
Legend: 
EX& imental 
Theoretical (Isentropic) --- 
Sect ion 
Time, milliseconds, relative to init ial pisron position 
Fig. 20 Comparison of Numerical Calculations with Experimental 
Data. Burst Pressure 60 psi, Sensor Position A. 
Legend: 
Experimental 
Theoretical (Isentropic) -'- - 
Sect ion 
Time, milliseconds, relative to init ial piston position 
Fig. 21 Comparison of Numerical Calculations with Experimental 
Data. Burst Pressure 20 psi, Sensor Position A. 
Legend: 
Isentropic, without friction 
With friction (f = 0.2) ---- 
- 
Time, milliseconds, relative to init ial piston position 
Fig. 22 Comparison of Numerical Calculations with and without 
Friction ( f 4 . 2 )  at Burst Pressure 40 psi and Sensor Position A. 
Time, milliseconds, relative to init ial pisto!l position 
Fig. 23 Comparison of Numerical Calculations with and wItRoui 
Friction (f.9.2) at Burst Pressure 80 psi and Sensor Po=.ition A. 
without Dummy Probe 
with Dummy Probe 
0 10 20 30 40 
Legend: 
Sensor Position A - 
E ---- 
- - -  - Time, mill;seconds 
Fig. 24 ' Study of Blockage Effect - Comparison of Measurements 
with and without Dummy Probe, a t  A and E - Position 
-- for Burst Pressure o f  80 psi. 
- -  Time, milliseconds 
'Fig. 223 Study o f  Blockage Effect - Comparison of Measurements 
with and without Dummy Probe, a t  A and E - Position 
for Burst Pressure o f  40 psi. 
APPENDIX A 
I. LISTING OF COMPUTER PROGRAM FOR BURST PRESSURE 80 PSI, 
WITHOUT FRICTION 
O l M t N L I O N  ~ ( 1 ~ 1 e 1 0 1 ) e A ( 1 0 1 ~ 1 ~ 1 ) 1 V P ~ 1 ~ 1 ) ~ A P ~ 1 O l ~ ~ X ( l O ~ ~ ~ T ~ l ~ ~ ~  
1 ~ O T ( 1 ~ 1 ) ~ T T ( 1 0 1 ~ 1 0 1 ) ~ T P ~ l O l )  
H ~ A ~ ( ~ ~ ~ ~ ~ ~ ) G A M M A P P O ~ R H O O ~ P L I I T M A X P N ~ C ~ I L ~ P C ~ ~ C ~ ~ ~ ~ ~ D ~ ~ D ~ ~ ~ ~ ~ D ~ ~ U ~  
C=PO/(HHOO**GAMMA) 
TENP=SQHT(1e4*(RHOU**Oe4)*C) 
Nl=N+1 
RN=N 
OX=PL/RN 
DT(2)=DX/TEKP 
X(l)=OaO 
T(1)=0a0 
00 1 0  K=ltITMAX 
00 10 J = 1 @ N 1  
V ( J , K )  = 0 1 0  
A ( J v K )  = TEKP 
l b  CONTlNUt 
00 1 5  J=1tN1 
VP(J1 = 0.0 
TF'(J)=OaU 
A P ( J )  = TEMP 
X ( J )  L (J-1)*UX 
15 CONVlNUE 
K=1 
H t i O  Z RHO0 
M R I T L  (bt1005) K 
WHITE ( 6 r P O J . O )  T ( 1 ) c R W O  
W K I I t  (6,1015) ( J ~ X ( J ) P T P ( J ) P V P ( J ) P A P ( J ) P J = ~ ~ I J P )  
CONST1 = 1ab/(GAMMA-1aO) 
CONST2 = ( G A M M A - 1  e 0 1 / 4 e 0  
00 4 U  K = ~ P P T M A X  
KML K - l  
U 0  20 J=lvN 
TT(lU19KM1)=1P(lOi) 
TT(JtKM1)=TP(d) 
V(JeKl41) = V P ( J )  
A ( J v k M 1 )  = A P ( J 1  
21J COtlTIkUk 
TF=T(K-l)+DT(2) 
W=5eB~*(TF*1000.)+*00683 
Y = ~ , ~ * ( W - V ( ~ ~ K M P ) ) + A ~ ~ D K M E ~  
U D T = ( X ( P ) - X ( ~ ) ~ * ~ ~ U / I : V ~ ~ P K M ~ ~ + W - A ~ ~ I K M I ) - Y ~  
TSzT (K-1) +DUT 
W W = ~ ~ ~ ~ * ( T S * ~ U O O ~ ) * * O B ~ ~ ~ S  
Y Y = O ~ ~ * ( W W - V ( ~ ~ K M P ) ) + A B ~ P K M ~ ~  
U ~ U = ( X ( ~ ) - X ( ~ ) ) * ~ ~ U / ( V ( ~ ~ K M ~ ) + W W ~ A ( ~ I K M ~ ~ - Y Y )  
T(K)=T(K-l)+i.JUD 
VP(l)=Sa~6*(T(k)*1UOOa)**Oe8~13 
AP(1)=0*2+dVP(l)-V(Z,KML))+A(2tKM1) 
00 30 JJ=2,hl 
JJlvi = JJ-1 
J J P  Z JJ+l 
V P ( J J )  = U . S * ( V ( J J M V K M ~ ) + V ( J ~ P I K M ~ ) )  + CONSTl*(A(JJM,MMlB 
* -A(JJPeKM1))  
A P ( J J )  = C O N S T ~ * ( V ( J J M I K M ~ ) - V ( ~ J P P K M ~ )  + 
* ~ ~ O * C O N S T P * ( A ( J J M V K M ~ ) + A ( J J P I K M L ) ) )  
Q=AP(JJ)*(TT(dJPtKMl)-TT(JJM,KM1))+2~O*(X(JJP)-X(JJMll 
S = ( T T ( J J P ~ K K ~ ) - T T ( J J M , K M ~ ) ) * ( V ( J J P , K M ~ ) + V P ( J J ) - A ( J J P P K P ~ ~ ~  
Z = ~ ~ ~ * A P ( J J ~ + V ( J J M ~ K M ~ ) + A ( J J ~ ~ I ~ K M ~ ) - V ( J J ~ ~ K M ~ ~ + A ( ~ J P ~ K M ~ ~  
D T ( J J ) = ( O - S ) / L  
T P ( J J ) = T T ( J J M I K M ~ ) + D T ( J J )  
D X = D T ( J J ) * ( V ( J J M V K M ~ ) + V P ( J J ) + A ( J J M ~ K M ~ ) + A P ( J J ) ) / ~ ~ O  
X ( J J )  = X(JJM1 + DX 
T P ( l ) = T ( K )  
5 U  CONTINUE 
T P ( 1 0 1 ) = T P ( I U O )  
W K 1 T E ( b * 1 0 0 5 )  K 
WBiTE(6tJ .010)  T ( K I t R t - 4 0  
W R I T E ( 6 r l O O b l  
WklTk ( 6 ~ 1 0 1 5 )  ( J P X ( J ) ~ T P ( J ) ~ V P ( J ) , A P ( J ~ P J = ~ P P J ~ )  
40 CONTHI\IUk 
/UUb  FOKMAT(4t10.6~215/SE15eR/5Elbe8) 
l O U s  FOBPIAT ( 91FOt{ K Z c  r l 3 / l H O e  VT 2' r l 9 X ~  VRt10 = v  1 
l O O b  F O H M A T ( ~ W O ~ ~ X ~ ~ J ~ ~ X ~ ~ X ~ J ~ ~ P A O X ~ ~ ~ P ( J ) ~ ~ ~ O X P ' V P ~ J ~ ~ ~ ~ ~ ~ ~ ~ ~ P ~ ~ ~ ~ ~  
l O l U  FCHMAT(lHtr4X~E15.~v9XvE15.8) 
/ U 1 3  FOHMAT(1H v14v4E15.8) 
5TOP 
EhD 
APPENDIX A 
11. LISTING OF COMPUTER PROGRAM FOR BURST PRESSURE 80 PSI, 
WITH FRICTION (f = 0.2) 
DIMLNSlOlq ~ ( 1 ~ 1 v 1 0 1 ) v A ( 1 0 1 v 1 b 1 ) r V P ( l ~ 1 ~ ~ A P ~ 1 O 1 ~ ~ ~ ~ l O ~ ~ ~ T ~ ~ ~ l ~  
lrD1(1~l)rTT(AUlv10A)vTP(101) 
R ~ A ~ ( S ~ ~ U O O ) G H M M A O P O ~ K H O ~ ~ P L O I T M A X ~ N ~ C ~ ~ C ~ ~ C ~ ~ C ~ P C ~ P D ~ ~ D ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C=PO/(KHOO**GAMMA) 
TEMP=SOKT(l.4*(RHOO**O*4l*C) 
Nl=N+1 
HN=N 
DX=PL/HN 
UT(2l=DX/TEMP 
X(l)=Oeo 
T(i)=OeU 
DO PO K=l,IIMAX 
DO 10 J=1vNl 
V(deK1 = 0 0 0  
A(J,K) = TEMP 
l u  CONTLigUk 
00 15 J=ltNL 
VP(J) = 0.0 
?'F'(J)=OoU 
AP(J) = TEMP 
X ( J )  I (d-l)*UX 
15 CONTINUE 
K=l 
HHO = HHOO 
WHITt (6rlOU5) K 
WHLTL (6rlOAU) T(1) tRliO 
WHITE (6rlO15) ( J , X ( J ) ~ T P ( J ) ~ V P ( J ) , A P ( J ) I J = ~ I N ~ )  
CONSTA = IrU/(GAMMA-100) 
CONS72 = (GAMMA-le0)/4oO 
DO 40 KZLtITMAX 
KML = K-1 
DO 20 J=IIN 
TT(101rKMl)=TP(lOl) 
T T ( J I K M ~ ) = T P ( J )  
V(dtK1v11) = VP(J) 
A(JeKp111 = AP(J) 
20 GONTlhUE 
TF=T (K-1)+01 ( 2 )  
W=SoBb*(TF*lU000)**0eH83 
Y = U , ~ * ( W - V ( L V ~ M ~ ) ) + A ~ ~ I K M P I  
D ~ T = Q X ( P ) - X ( L ) ) * ~ . ~ / ( V ~ ~ P K M ~ ) + W - A ( ~ , ~ M T ) - Y )  
TS=T(k-l)+DUT 
W W = 5 e U b * ( T S * 1 U O O e ) * * O . A 0 3  
Y Y = O ~ ~ + ( W W - V ( ~ ~ K M ~ ~ ~ + A ~ ~ I K M ~ )  
~ ~ U Z ( X ( ~ ) - X ( L ) ) * ~ ~ ~ / ~ V I [ ~ V K M P ) + ~ ~ ~ W = A ( ~ , K K ~ ) - Y Y ~  
T(h)=T(K-1)+UUD 
V i ' 4 1 ) = 5 e 8 4 * ( T ( K ) * 1 0 O O a ~ * * O ~ H & 3  
A P ( 1 ~ = 0 ~ 2 * ( V k 3 ( 1 ) - V ( 2 ~ K V ~ l ) ) + A ~ 2 ~ K I v r 1 9  
00 YU JJ=2@& 
J J M  = J3-P - . 
JJP = JJt1 
CONSTS=FUIC*DT(JJ)/4rO/DIAM 
FHIC=Ue2 
O I A F i = U  625 
C O N S T 4 = C O N S T 3 * ( G A M M A - l . O 1 / 2 e ( r  
VP(JJ1 = U ~ ~ * ( V ( J J M I K M ~ ) + V ( J ~ P ~ K M ~ ) )  + CONST~*(A(JJMPKNBI 
*-A(JJPtKM1)) 
* - C O N S T ~ * ( V ( J ~ M ~ K M ~ ) * A ~ J S ( V ( J J ~ ~ I I K M ~ ) ) + V ( J J P ~ K M ~ ) * A ~ S ( V ( ~ ~ J P ~ K M ~ ~ ~ ~  
AP(JJ1 = C O N S T ~ * ( V ( J J M I K M ~ ) - ~ ( J J P I K M ~ )  + 
* ~ . O * C O N S T ~ * ( A ( J J M P K M ~ ) + A ( J J P I K ~ ~ ) ) )  
* + C O N S ~ ~ * ( V ( J ~ P I K M ~ ) * A E ~ S ( V ( J J P , K M ~ ) ) - V ( J J M P K M ~ ) * A ~ S ( V ~ ~ J P ~ K ~ ~ ~ . ~ ~ ~  
Q = A P ( J J ) * ( T T ( ~ J P P K M ~ ) - T T ( J J M ~ K M ~ ) ) + ~ . O * ( % ( J J P ) - X ( J J M ~ ~  
S = ( T T ( J J P ~ K M ~ ) - T T ( J J M I K M ~ ) ) * ( V ( J J P I K M ~ ) + V P ( J ~ ) - A ( J J P Q K M ~ ~ ~  
Z=2eU*AP(JJ)+V(JJMeKM1)+A(JJMtKM1)-V(JJPeKMl~+A~dJP~KMll 
DT(JJ)=(O-S)/L 
TP(JJ)=TT(JdMtKMl)+DT(JJ) 
D X = U T ( J J ) * ( V ( J J M P K M ~ ) + V P ( J J ) + A ( J J M I K I Y ~ ) + A P ( J J ) ) / ~ ~ O  
X(JJ) = X(JJM1 + DX 
TP(l)=T(K) 
311 CONVANUE 
VP(1Ul)=TP(iOU) 
MK1Tt(6r1005) K 
WHITt(6r1010) T(K)tRHO 
MR1TE~(611006) 
M H I 7 t  (6,1015) ( J I X ( J ) ~ T P ( J ) ~ V P ( J ) ~ A P ( J ) , J = I ~ N ~ )  
4 0  CON? IPJUE 
100U FOHMAr(4FlO.br2I5/5Eh5.8/5E15.d) 
1005 FOHMAT("1FOH K =rrl3/1HO~" =-"P~SXI'KHO 
L O O b  F O H M A ? ( ~ H O P ~ X ~ ~ J " P ~ X I " X ( J ) ~ P ~ O X I ~ T P ( J ) ~ , ~ Q X I @ V P ( J ~ ~ ~ ~ O X ~ ~ ~ ~ ~ ~ ~ @ ~  
lOlU F O R M A T ( ~ H + ~ Y X ~ E ~ S ~ & V ~ X I E ~ ~ . ~ )  
1015 FOHMAT(1H 114t4E15.8) 
STOP 
LhU 
APPENDIX B 
TABULATED DATA 
UATA 
SHEkT 
NO. 1 
F I G .  8 
100  P S I  
3.P. A 
TEST . 
81,83,85 
Average 
Values 
SEC 1 SEC 2 
TIME VEL VEL 
MS FT/SEC FT/SEC 
SEC 3 
VEL 
F T/SEC 
SEC 4 
VEL 
FT/SEG 
SEC 5 
VEL 
FT/SEC 
DELTA T = 7.2t 7.2, 7.4, 7.1 MILLISECONDS 
FIG, 8 1.0 . 3  e4 .4 83 4 
40 PSI 2.0 1.0 1.2 1.3 r9 1.3 
S o P e  A 3 0 2 . 3 2.7 2.8 2.1 2 e 6  
TEST 5.0 5.1 5.4 5.6 5.1 5 * 4  
78,82,84 7.0 8.4 8 3 8.7 8.2 8 a 4  
Average 10.0 12.7 12 3 13.0 12.3 128~1 15.0 20.4 19.3 20 .8 1988 21.9 Values 2090 28 . 0 27.4 29 e 1 2783 36.4 
25.0 36.4 3503 38 e 1 35.4 51.3 
28.9 43.7 
28.7 42 e 0 
28 e 5 43e7 
27.9 Q0.9 
27.5 6 0  e 1 
DELTA T = 7.2, 7.3, 7.3, 7.4 MILLISECONDS 
D A T A  SEC 1 SEC 2 SEC 3 SEC 4 SEC 5 
SHEkT 1 I M E  VEL VkL VEL VEL VEL 
NO. 2 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC 
FIG. 9 
40 PSI 
SOP. A 
TEST 86 
DELTA 1 = 7.2, 7.1, 6.9~ 7.7 MILLISECONOS 
FIG. 9 1.0 
40 PSI 2 .0  
S.P. A 3 0 
TEST 87 5.0 
7 0 
10 . 0 
15 . 0 
2Q.0 
25.0 
28.3 
28.2 
29.6 
DELTA T = 7.1, 7.2, MPLLISECONOS 
OATA 
SHEtT TIME 
NO. 3 MS 
FIG. 10 1.0 
100 PSI 2.0 
S.P. A 3 . 0 
TEST 81 5 a 0 
7 e 0 
10.0 
15.0 
SEC 1 
VEL 
FT/SEC 
SEC 2 
VEL 
F T/SEC 
SEC 3 
VEL 
FT/SEC 
SEC 4 
VEL 
SEC 5 
VEL 
DELTA T = 7.31 7.31 7.7, 6.8 MILLISECONDS 
F I G .  10 1.0 1.7 0 8  1.3 r 7 1 e 3  
100 PSI 2 e 0 6.0 5.4 5.3 4.0 6 e 2 
S e P e  D 3.0 9.7 9 e 0 10.1 8 .2  1 0 e 1  
TEST 7 0  5 e 0 19.5 17.8 19.7 lee0 17e7 
7 e 0 27.7 27.0 32.0 27.2 27a2 
10.0 42.5 40.5 47.5 Q0.0 39.5 
15 e 0 66.5 61.0 71.5 68.0 6585 
18.0 79.5 
17.5 74 e 0 
17.2 83.0 
16.4 73 .2  
16 e 1 73.5 
DELTA T = 7.2, 7.01 7.4, 7.0 MILLISECONDS 
UATA SEC 1 SEC 2 SEC 3 SEC 4 SEC 5 
SHEkT TIME VEL VEL VEL VEL VEL 
NO. 4 MS FT/SEC FT/SkC FT/SEC FT/SEC FT/%EC 
F I G .  10 1.0 1 3 102 
100 P S I  2.0 5.5 6.3 
S o P o  E 3 0 10.5 10.1) 
TEST 75 5 0 20.2 20.2 
7.0 30.5 29 5 
10.0 46.3 4307 
15.0 71.2 66.0 
17.2 79.5 
17 0 3 79.5 
16.7 
16.0 
15.7 
DELTA T = 7.2, 7.3, 7.3, 7.0 MILLISECONDS 
FIG. 11 1.0 
80 PSI 2.0 
5 e P e  A 3.0 
TEST 80 5.0 
7.0  
10.0 
15 0 0 
20.0 
21 02 
20.5 
20.0 
19.2 
19.2 
DELTA T = 7.39 7.09 7.6, 6.8 MILkISECONDS 
DATA 
SHEkT TIME 
NO, 5 MS 
F I G .  11 1.0 
80 PSI 2.0 
5.P. 0 3 . 0 
TEST 69 5.0 
7 . 0  
10.0 
15 0 0  
20.3 
19.7 
19.1 
18.9 
18.2 
SEC 1 SEC 2 
VEL VEL 
FT/SEC FT/SEC 
SEC 3 
VEL 
FT/SEC 
SEC 4 
VEL 
FT/SEC 
SEC 5 
VEL 
FT/SEC 
DELTA T = 7.1, 7.4, 7 . 2 ,  7.3 MILLISECONDS 
F I G .  11 
8 0  P S I  
5.P. E 
VEST 74 
DELTA f = 7.1, 7 4  7.3~ 7.0 MILLISECONDS 
DATA 
SHEET TIME 
NO0 6 MS 
FIG0 12 1.0 
60 PSI 2.0 
3.P. A 3 0 
TEST 49 5.0 
7.0 
10.0 
15 e 0 
23.6 
23.3 
22 e 4  
22.2 
22.3 
SEC 1 
VEL 
FT/SEC 
05 
1.5 
4.4 
9.9 
15.1 
21.5 
32.5 
53.5 
SEC 2 
VEL 
FT/SkC 
.7 
1.9 
4.6 
10.7 
14.9 
23 e 0 
37 a0 
59.4 
SEC 3 
VEL 
F T/SEC 
.3 
2.2 
5.6 
11.3 
16.1 
2408 
39.0 
61 e9 
SEC 4 
VEL 
FT/SEC 
. 3  
100 
208 
7.7 
13 e 0 
20.3 
3107 
4807 
SEC 5 
VEL 
FT/SEC 
DELTA T = 703, 7 4  7.1, 6.9 MILLISECONDS 
FIG, 12 I 0 05 e 6  e 9  05 e 9  
6 0  PSI 2 e 0 2.8 2.4 3.3 1.5 3 e 3 
SePe D 3 e 0 5.1 4.8 6.0 4.0 5 e f  
TEST 66 5 e 0 10.4 9.7 11.2 9 e 0 1012 
7.0 15.5 15.5 17.3 1500 15.1 
10.0 23.5 22 a 1 25.5 21.5 21.7 
15.0 37.5 36.7 42.5 36 0 0 38 e 0 
20.0 52.5 49.0 56.5 5000 60 e 0 
2208 59.0 
22.7 5 5 . 0 ,  
22 e 1 61.5 
21.6 55.0 
21 04 65.6 
D E L T A ? =  7.2, 7 r 1 ~  702, 7.3 MILLISECONDS 
DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC 5 
SHEkT TIME VEL VEL V t L  VEL VEL 
NO* 7 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC 
FIG* 12 1.0 
60 PSI 2.0 
S r P e  E 3.0 
JEST 73 5.0 
7 . 0 
10.0 
15 0 
20.0 
22 e 7 
22.8 
22.3 
21.8 
21.7 
DELTA T = 7.1, 7 4  7 . 3 ,  7.0 MILLISECONDS 
FIG* 13 
40 P S I  
SOP, A 
TEST 82 
DELTA T = 7.6, 7.1, 7.6, 7.1 MILLISECONDS 
OATA SEC 1 SEC 2 SEC 3 SEC 4 SEC S 
SHELT TIME VEL VEL VEL VEL VEk 
NO. 8 MS FT/SEC FT/StC FT/SEC FT/SEC F%/SEC 
FIG. 13 
40 PSI 
s.e. D 
TEST 67 
DELTA T = 7.31 7.1, '7.6, 7.0 MILLISECONDS 
FIG. 13 
40 PSI 
S.P. E 
PEST 72 
D E L T A T Z  7.11 7041 7.51 7.0  MILLISECONDS 
DATA 
SHELT 
NO. 9 
SEC 1 
VEL 
FT/SEC 
SEC 2 
VEL 
FT /SEC 
SEC 3 
VEL 
FT/SEC 
SEC 4 
VEL 
FT/SEC 
T I M E  
MS 
F I G .  14 
2 0  PSI 
S.P. A 
TEST 7 7  
DELTA T = 6.7r  7 .5 ,  7 .9 ,  6 . 7  MILLISECONDS 
F I G .  1 4  1.0 
20 P S I  2.0 
S.P. 0 3.0 
TEST 6 8  5 0 
DELTA T = 6 e 9 0  7 .7 ,  7o&s 6.4 MILLISECONDS 
DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC 5 
SHEET T I M E  VEL VEL VEL VEL VEL 
NO, 10 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC 
FIG* 14 1.0 6 1 
20 PSI 2.0 06 
SOP. E 3.0 1.5 
TEST '71 5.0 2.9 
7.0 461 
10.0 6.1 
15.0 9.6 
2060 1402 
25 0 17.5 
30.0 20.6 
35.0 24.5 
40 . 0 27.6 
41.7 28.7 
41.6 
41.3 
40.7 
40.7 
DELTA T = 7.3, 7.3, 7 . 5 ,  6.9 MILLISECONDS 
SECTION II  
EXPERIMENTAL INVESTIGATION OF EFFECTS OF 
UNSTEADY FLOWS O N  A SUBMERGED CYLINDER 
SECTION I1 
EXPERIMENTAL INVESTIGATION OF EFFECTS OF 
UNSTEADY FLOWS ON A SUBMERGED CYLINDER 
ABSTRACT 
Results of investigations of the unsteady flow phenomena about a submerged 
right circular cylinder are presented. This experimentation was conducted in ac- 
celerating flows of from zero to 32 ft/sec2 using the Unsteady Hydrodynamic Flow 
Facility of the Fluid Dynamics Laboratory, The University of Alabama in Huntsville, 
Huntsville, Alabama. 
A set of dimensionless parameters consisting of quantities pertinent to t he  un- 
steady flows i s  used to analyze pressure and force data which are presented in terms 
of local pressure coefficients, l i f t  and drag coefficients versus instantaneous Weyinolds 
number and nond imensional fluid displacement respectively. The measured drag co- 
efficients were found to be comparable with the calculated ones from the pressure co- 
efficients. 
A variation of the hydrogen bubble technique was used in obtaining E-~iglh speed 
movies of the unsteady flow phenomena about the circular cylinder. A sequence of 
photographs taken from these movies i s  presented which shows the development of 
the flow field around the cylinder at various times. 
INTRODUCTION 
As rocket technology advanced with its larger and larger launch vehicles, the 
influence of the unsteady ground winds on vehicle development began to draw con- 
siderable interest of the fluid dynamisist. In June of 1966, a National Aeronautics 
and Space Administration (NASA) sponsored symposium on ground winds1 reported 
that there are two items of research importance: 1) basic research into time-de- 
pendent flows about a circular cylinder, and 2) better definition of time varying 
atmospheric characteristics at the launch sites. 
The seriousness of the ground winds problem stems from the fact that launch 
vehicles loads induced by these winds can result in (a) heavier launch  vehicle^,^ 
(b) requirement for a launch vehicle structural response damping system and (c)  
launch schedule slippage. I f  the loads imposed by the ground winds were pre- 
dictable, their effects could be assessed early in the design phases of vehicle de- 
velopment. Currently, the best engineering technique available for estimating 
the unsteady wind loads requires the aeroelastic model testing of the launch ve- 
hicle. In these aeroeiastic tests, the structural response of elastically scaled 
models is  determined for steady-wind conditions with these results then being 
scaled to full-scale vehicle conditions for engineering loads estimation, This 
type of testing yields engineering data for many types of important physically 
realizable wind conditions where the wind velocity i s  constant. 
The flow field about a circular cylinder resulting from a steady approaching 
flow has been studied by many investigators since the cylinder represents the 
simplest of a l l  bluff bodies, but few studies have been conducted on the flow 
field resulting from an unsteady approaching flow. Although the pest three yeen 
has seen an influx of information in this area, i t  i s  far from complete for estabraa- 
l ishing a theory of unsteady flow phenomena about submerged bodies. 
This paper presents some results of two series of investigations into the com- 
plex phenomena associated with the time-dependent flow about a circular cy l in~-  
der. The eventual objective of these investigations is  to determine the statistical 
description of the aerodynamic forcing functions dbr application to elastic bod i s s  
submerged in unsteady flow. Since the phenomena of interest occur at low Mach 
numbers where compressibility i s  negligibly small, the dynamic similarity between 
the phenomena with air and water justifies the use of an unsteady hydrodynamic 
flow faci l i ty for the study. 
DESCRIPTION OF THE TEST FACILITY 
The test faci l i ty used in  this study was developed at the Fluid Dynamics Lab- 
oratory of The University of Alabama in Huntsville. Complete details of i t s  de- 
velopment can be found in Schutzenhofer's worka. The faci l i ty consists af a water 
tunnel with a quick start mechanism and various instrumentation systems for the 
determination of velocity, pressure, and lift and drag forces. A general view and 
a schematic of the facil ity are shown in Figure 1. 
The water tunnel i s  a vertically erected steel tank 21. 13 feet in length and 
2.83 feet in diameter. Two chordwise flow straighteners running the entire tank 
length help to provide two dimensional flow, but at the same time reduce the use- 
ful test section to 1.96 feet. Plexiglass windows set into the flow straighteners 
allow the model ends to be built in to reduce the undesirable end effects. These 
windows also allow high speed movies of the flow field around the mode! to he 
taken. The test modeis currently in use are right circular cylinders with an outside 
diameter of 3.00 inches and are installed perpendicular to the windows. 
Quick start of the flow i s  achieved by thermally rupturing a 0.0014 inch thick 
mylar diaphragm located at the tank bottom. At  the test section of the facil ity, 
water flows with acceleration levels of up to 32 ft/sec2 can be produced by varying 
the opening area of the diaphragm. The instantaneous velocities of various Ioca- 
tions in the test section have been checked using a constant temperature anemom- 
eter and show maximum variations of about ten percent. 
The arrangement of the water tunnel allows a unique variation of the hydro- 
gen bubble technique to be applied. Electrolysis of the water contained in the 
tunnel i s  achieved by passing a continuous dc voltage between a 0.003 inch di-  
ameter steel wire and a Barge copper bar located at the tank bottom. When the 
hydrogen bubbles first generated have risen to the surface thereby seeding the en- 
tire tunnel, the flow i s  started. This differs from the common usage of the hydro- 
gen bubble technique in that the bubbles are in  the flow as i t  starts rather than 
being swept by the flow from a wire as they are generated. 
INSTRUMENTATION AND DATA REDUCTION 
For simplicity and economy, a cantilevered strain gage balance system was 
found to best meet a l l  the criteria of a measurement system of hydrodynamic forces; 
namely, the determination of the instantaneous lift and drag forces acting on the 
fui l  cylinder length. Because of the desirability o f  having the natural frequency 
of the cantilevered system approximately five times higher than the estimated 
frequency of the unsteady forces, i t  was necessary to consider the balance/cylinder 
combination as a unit. This was complicated by the addition of six pounds (at mas<- 
imum acceleration) of virtual mass which acts with the cylinder mass because of 
the accelerating flow. By performing a parametric dynamic analysis of the balance1 
cylinder combination, the lengths and cross sections of  the balance and cylinder 
sections were defined to yield a natural frequency of about 200 Hertz while pro- 
ducing a reasonably high sensitivity. This analysis revealed that a built.-up cyl in- 
der model of stainless steel and aluminum would best meet the established cirteria, 
Details of this system are given in Morrow's work3. 
The surface pressures on the cylinder model were measured with flush-mounted 
Kistler pressure transducers. The pressure data were electronically low-pass filtered 
with the cut-off frequency of 20 Hz. discriminating the pressure waves due to the 
water hammer created by the rapid opening of the exit area. 
A digital data reduction system consisting of a wide band analog recorder, an 
analog to digital converter and a third generation digital computer (UNPVAC 1108) 
has been established to aid in the analysis of the data. Foremost in the digital 
software associated with the data reduction system has been a low-pass fiii ter con- 
structed by using the Fast Fourier Transform technique. 
FLOW VISUALIZATION 
A sequence of photographs taken from a movie film showing a typical unsteady 
flow field i s  presented in Figure 2. This sequence was taken from a f i l m  shot at 
400 frames/second of the case for which pressure and force data have been pre- 
sented. Part (a) shows the initial pair of vortices as they break away from the 
cylinder. Parts (b), (c), and (d) show the breakdown of the wake structure as 
the Reynolds number increases. 
PRESSURE DATA 
The pressure coefficient data presented on Figure 3 are the low frequency corn- 
ponents of the pressure field, ranging from 0 to 20 Hz. These unsteady pressure data 
were acquired in an unsteady velocity field that has a constant acceleration of about 
32.2 ft/sec2. For unsteady flow, the pressure coefficient has been defined in [2j as 
where P i s  the pressure at the forward stagnation point on the submerged body, BFS 
PS is  the stagnation pressure at infinity, 03 P o  i s  the density and U i s  the e r e P o c i ~ ~  
at infinity. This method of nondimensionalization appears to have advan~agzs as 
compared to other methods. With this form, 
=P i s  independent of (P  - & ?0 1.j2j, S 
remains finite, has a value of unity at the forward stagnation point, and can be ap- 
plied to steady and unsteady flow phenomena. 
The pressure coefficient at various angular coordinates i s  presented as a iuric t ion 
of nondimensional fluid displacement (Z - z~)/D, where (ZO - Z1 ) i: the iii id 0 
displacement and D i s  the diameter of the submerged cylinder. In this figure, i" 15 8 
corresponds to the rear stagnation point. Shown also on Figure 3 are the values of 
the steady pressure coefficient as taken from Schlichting4 and values of the vnsteoay 
pressure coefficient resulting from unsteady potential theory calculations. $he un-  
steady pressure coefficient data obtained with Equation ( 8 )  can be compared ;o the 
steady pressure coefficient data since 
isnot significantlydiffeient in numerical value than i p U" for (ZO - L ~ ) / D G ~ . ~ .  0 
Except for some oscillations that occur for 0 5 (Z - z~ ) /D  42.5,  C is o 0 P 
smooth function of (Z - zl)/D and compares favorably with the data in 14: at t h e  0 
same Reynolds number. The exception to this comparison is  the C taken ar 6:- 73 
- 
P 
degrees as shown in Figure 3d. I hese data indicate that the separation points arts 
forward of 8= 70 degrees and the steady flow data of Achenbach6 for 
2.6 cR x 10' < 18.0 indicate that the separation points in steady flow are lo- N 
cated at 0 w 40 degrees. The pressure data presented herein indicate that in the 
separated flow regime, the data are reasonably comparable to the steady flow data; 
however, the location of the separation points or the gross flow structure is signifi- 
cantly different than the steady flow structure at corresponding Reynolds numbers, 
The comparison with potential theory indicates that ideal fluid calculations do not 
completely predict the flow fields about bluff bodies in unsteady flow. 
FORCE MEASUREMENTS 
Figure 4 and 5 present the instantaneous l i f t  and drag coefficient data obtained 
for a time-dependent flow with an acceleration level of about 32 ft/sec2. Again, 
these data represent the low frequency components, i.e., 0 to 20 Hz. A u n i q u e  
method of nondimensionalizing force data based on the same ideas reflec~red in the 
discussion of the pressure coefficient data was used in obtaining these results. For 
this application, the appropriate coefficient equation becomes 
pE 
Lfft (Drag) ~ o r c e / ~ s n ~ t h  of Nbdel 
d U ) D  C18(d' (1 /2pgUa+D q) P I  
where D i s  the diameter of the cylinder and t i s  time. The data in Figure 5 in -  
dicate Reynolds number effects not unlike steady flow Reynolds number effects, 
The same sudden decrease in value at about a Reynolds number of 5 x 106 and 
the gradual increase thereafter i s  very apparent. Variation in the behavior of 
the instantaneous l i f t  coefficient also occurs cat about the same Reynolds number, 
RESULTS AND CONCLUSIONS 
Conclusions reached as a result of this research are: 
1) Modification of the standard pressure coefficient definition to include 
Flow acceleration provides a useful tool in the understanding of time-dependent 
flows. 
2) For the Reynolds number range of these tests, there are significant effecrs 
of  viscosity noticeable through the Reynolds number on the unsteady pressure, force 
and flow visualization data. 
3) The drag coefficient determined by integrating the pressure coefficient 
data compares favorably with that determined by the force measurement. 
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